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Abstract
The aim of the present study is to detect the potential of the base population from diallel crosses of eight
introduced strains of the Pacific white shrimp (Litopenaeus vannamei) for improving the yield. Heterosis and
heritability were estimated for pond survival at commercial farm conditions for the base population that
included 207 full-sib families from a nested mating design by artificial insemination. Among all the hybrids,
the heterosis ranged from –11.37% (UA1×UA2) to 20.53% (UA3×SIN) with an average of 0.953%. The results
showed that more than half of the hybrids (51.85%) have negative heterosis for survival rate, but most of the
hybrids with positive heterosis have high estimates. The high proportion of negative heterosis for survival rate
reminders us that the survival trait also should be considered in the crossbreeding program to avoid yield
decrease. However, high positive heterosis manifested in most of the hybrids for survival indicates the
usefulness of these hybrids for improving the survival to obtain higher yield by crossbreeding in this breeding
program. The heritability estimate for pond survival was 0.092±0.043 when genetic groups were included in
the pedigree, and it was significantly different from zero (P<0.05). The results from this study also indicated
that significant improvement for survival is possible through selection in L. vannamei.
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1  Introduction
Selective breeding programs can improve culture perform-
ance of farmed shrimp (Gjedrem, 2012; Andriantahina et al.,
2013; Campos-Montes et al., 2013), which have been conducted
in several species, such as Penaeus japonicas (Hetzel et al., 2000),
Oreochromis niloticus (Charo-Karisa et al., 2006), Fenneropen-
aeus chinensis (Zhang et al., 2011), Penaeus monodon (Kenway et
al., 2006; Krishna et al., 2011; Sun et al., 2015), and Macrobrachiu
mrosenbergii (Luan et al., 2015). A base population with abund-
ant genetic variation is the important foundation for executing a
selection breeding program. In practice, diallel crossing with sev-
eral populations is usually initially used to establish a base popu-
lation with high genetic diversity. Subsequently, selective breed-
ing programs were continuously conducted for several genera-
tions to improve the performance by selecting advantages and
eliminating disadvantages over a long term of operation (Gall
and Bakar, 2002; Martínez et al., 2006; Rezk et al., 2009).
Usually, selective breeding programs in the shrimp focused
on growth, by which it has obtained substantial selection re-
sponse for growth performance (Maluwa and Gjerde, 2006;
Thanh et al., 2009; Lin et al., 2010; Ruan et al., 2013). Neverthe-
less, along with the deterioration in aquaculture environment,
high mortality has greatly affected the total production yield in
aquaculture. In the shrimp, to pursue a high pond survival rate at
commercial farm conditions is crucial for reducing production
cost and increasing income. So it is necessary to introduce sur-
vival into the breeding objective in the modern shrimp breeding
programs to optimize the production yield (Luan et al., 2013).
However, survival is possibly influenced by multiple environ-
mental factors (such as cultivation density, water quality, and
temperature etc.), and it has low genetic variation in farmed
shrimp and fish breeding programs (Rye et al., 1990; Gitterle et
al., 2005a, b; Vehviläinen et al., 2008; Luan et al., 2013). To date,
shrimp has obtained slow and significant selection response in
survival by selective breeding programs (Gitterle et al., 2007; Lu-
an et al., 2013), although the survival of shrimp is significantly in-
fluenced by environments.
The Pacific white shrimp, Penaeus (Litopenaeus) vannamei,
provided approximately 52% of the total penaeid shrimp produc-
tion in the world (Lu et al., 2015), which distributed along the Pa-
cific coast of the western American (Huang et al., 2011; Lu et al.,
2015). In China, L. vannamei is a non-native species and most of
the culture stocks are produced using the introduced limited
number of parents or their offspring over multiple generations
(Briggs et al., 2005; Lu et al., 2015), which most likely to bring
small effective population size. The small effective population




size of the base population would lead to inbreeding depression
of important economic traits (De Donato et al., 2005). Con-
sequently, the base population is particularly important for the
selective breeding programs of L. vannamei in China. Growth is a
very important trait in selective breeding programs of L. van-
namei, as it is highly correlated with economic returns. In addi-
tion, the recently high mortalities from birth to harvest have
caused large economic losses for farmers and the industry in L.
vannamei (Lightner et al., 2012).
To improve the growth and survival of L. vannamei for in-
creasing the production, a selective breeding program for the cul-
tured L. vannamei was initiated at Yellow Sea Fisheries Research
Institute, Chinese Academy of Fishery Sciences in 2011. In this
program, diallel crossing was performed to establish a base pop-
ulation with eight strains that were introduced from America and
Singapore. Because the increase in selection response depends
on the heritability of the aimed trait being selected for in the
breeding program (Falconer and Mackay, 1996; Hertzel et al.,
1997; Hetzel et al., 2000), and genetic parameters are only applic-
able to the certain population and the environment where they
are obtained (Ponzoni et al., 2005). Heterosis and heritability for
the harvest body weight of the base population from the eight in-
troduced strains has been estimated in our previous study (Lu et
al., 2015). Heritability estimates for disease resistance and surviv-
al traits have been reported in several shrimp (Fjalestad et al.,
1997; Argue et al., 2002; Gitterle et al., 2005b; Kenway et al., 2006;
Krishna et al., 2011; Luan et al., 2013), but heritability estimates
for survival at commercial farm conditions are scarce, and little
information is available for L. vannamei. Consequently, the aim
of the present study was to estimate heterosis and heritability of
pond survival at commercial farm conditions, to investigate the
potential of this base population for improving the total yield by
increase pond survival.
2  Materials and methods
2.1  Production, rearing and tagging of families
The survival test was performed at the Mariculture Genetic
Breeding Center of the Chinese Ministry of Agriculture (Qingdao,
China). The base population was constructed with eight strains
by an incomplete diallel cross experiment. The eight strains were
separately introduced from different commercial companies in
America and Singapore, containing Shrimp Improvement Sys-
tem Pte. Ltd (SINGAP), Shrimp Improvement System Hawaii LLC
(HAWAII), University of Guam, CNAS (GUAMIS), Kona Bay Mar-
ine Resources, Waimea Aquatic Lab (KONABA), the Oceanic In-
stitute (OCENAI), Shrimp Improvement System Florida (SIS-
MAM), and High Health Aquaculture Inc (HIGHHA). Two strains
(OCENAI and OCENA2) were introduced from OCENAI at differ-
ent time. The origins of the stains were Singapore, Oahu, Guam,
Kauai, Oahu, Miami and Hawaii, respectively. The pedigree of in-
dividuals in the eight strains was unknown. The base population
contains 207 full-sib and 90 half-sib families from 188 sires and
172 dams (Table 1). The details for the production, rearing and
tagging of families have been described in our present study (Lu
et al., 2015). Family reproduction and management for the famil-
ies were shown in Table 2.
After six nauplii-stages that were three zoea-stages and three
mysis-stages within 3 weeks, the hatched larvae became post-lar-
vae. Larvae were fed commercial larval diets and a microalgae
diet (Chaetoceros calcitrans, Thalassiosira fluviatilis, and Tet-
raselmis suesica) four times per day, and the amount and propor-
tion were adjusted daily according to the different stages. When
the mean body weight reached 3 g, 60 shrimp were randomly se-
lected from each family for tagging with a unique family code by
injecting Visible Implant Elastomer (VIE). The combination of
the injected positions (three locations on the 6th abdominal seg-
ment and two locations on the 5th abdominal segment) and the
colors of VIE (green, blue, orange, and red) was used for family
tags, which allowed the mixing of the families in ponds to evalu-
ate performance.
2.2  Survival test
After VIE tagging, 60 tagged shrimp of each family were as-
signed equally and randomly to two ponds (80 m3 for each pond)
with the same density. The 207 families were performed for sur-
vival test. During the test period, standard management prac-
tices were followed, which has been described in our previous
study (Lu et al., 2015). After a period of 57 days for survival test,
survival rate of each family was calculated as the ratio between its




UA1 UA2 UA3 UA4 UA5 UA6 UA7 SIN
UA1 6 – 2 5 2 3 1 5 24
UA2 1 8 1 1 1 1 1 2 16
UA3 1 1 8 1 – 1 1 1 14
UA4 5 1 2 13 4 5 4 1 35
UA5 5 1 – 6 10 4 4 1 31
UA6 5 1 1 7 4 10 5 1 34
UA7 2 1 1 6 6 4 11 – 31
SIN 7 1 1 1 – 1 1 10 22
Total 32 14 16 40 27 29 28 21 207
Note: UA1 represents HAWAII, UA2 GUAMIS, UA3 KONABA, UA4 OCENAI, UA5 SISMAM, UA6 HIGHHA, UA7 OCENA2, and SIN
SINGAP.
Table 2.   Schedule of family production and management for Litopenaeus vannamei
Synchronization of family production
Average days for rearing
separately












11/3/2012 25/3/2012 15 83 5/6/2012 1/8/2012 57 62
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survived and initially tagged individuals.
2.3  Data analysis
Survival status during the test was recorded as “1” if a shrimp
was alive or “0” if the shrimp was dead. An analysis of the de-
scriptive statistics was conducted using the MEANS procedure in
SAS software (SAS Institute Inc., 2005).
2.3.1  Heterosis estimate
The formulation for the heterosis of the hybrids from the eight
introduced populations was written as
H(%) =
MF ij ¡ 12 (MPi +MPj)
1
2 (MPi +MPj)
£ 100; (1) 
MF ij
MPi MPj
where  is the mean survival rate of the replications of F1
crosses between the strain Pi and Pj;  and  are the mean
survival rate of the inbred offspring from parent strains of Pi and
Pj, respectively.
2.3.2  Variance components and heritability estimate
With respect to the calculation of variance components, an-
imal and sire-dam models are statically equivalent, while animal
threshold models may be severely biased (Luo et al., 2001).
Therefore, a standard threshold (probit) and sire-dam model
were preferred in the present study. The model was written as in
ASReml (Gilmour et al., 2009).
¸ij lm = ¹+ s i + dj + f l + eij lm;
yij lm =
(
0 if ¸ij lm 6 0;
1 if ¸ij lm > 0;
(2) 

















where yijlm is the survival statues (1=alive and 0=dead) of the mth
shrimp; λijlm is the underlying liability of yijlm, assumed to be a cu-
mulative normal distribution; μ is the overall mean; si and dj are
the additive genetic effects of the ith sire and the jth dam; fl is the
random effect common to the lth full-sib family, ,
which is a combination of the tank effect due to separate rearing
of the full-sib families before mixed stocking and one quarter of
the non-additive (dominance) genetic effect common to full-sibs;
and eijlm is the random residual error of the mth individual, with
. The residual variance of λ was assumed to be 1. The
phenotypic variance ( ) was the sum of ,  and . The h2
was calculated as the ratio between  and , while the com-
mon environment (c2) was calculated as the ratio between  and
.
The base population was constructed with the diallel crosses
of the eight introduced strains, so the strain additive genetic ef-
fect and heterosis from the crosses of the eight strains might in-
crease genetic variability and inflate heritability estimate for sur-
vival rate (Díaz et al., 2002; Pieramati and Van Vleck, 1993;
Nielsen et al., 2010; Maluwa and Gjerde, 2006; Nielsen et al.,
2010). Consequently, in order to account for strain additive ge-
netic effect and heterosis from the crosses, the eight strains were
defined as eight genetic groups and included in the pedigree, and
then used the !GROUPS qualifier in ASReml for heritability estim-
ating. The pedigree file began by identifying these groups, and
the individuals of the base population have group identifiers as
parents. The gender effects were not contained in the model, as
part of the shrimp was too small to be identified the gender cor-
rectly when they were measured.
The Z-score was used to test whether the heritability estim-





where h2 was the heritability estimate for survival rate when the
genetic groups were included in the pedigree, and σ2 was its




The survival rate of these families ranged from 63.33% to
100% with an average of 85.76%, and the distribution for the sur-
vival rate of the families was displayed in Fig. 1. It showed that
survival rate varied substantially among the families according to
standard deviation (0.107) and coefficient of variation (10.33%).
3.2  The heterosis of survival rate
The survival rate of the paternal and maternal populations
was displayed in Table 3. When the eight strains were used as
male parents respectively, the order of their survival rate was
UA6>UA7>US2>UA4>UA3>UA5>SIN>UA1; when they were used
as female parents respectively, the order was UA3>UA6>UA5>
UA1>UA2>UA4>SIN>UA7. Considering the paternal and mater-
nal performance together, when UA6, UA3 and UA2 were used as
parents, their offspring would have high survival rate.
The mean survival rate and heterosis of the crosses of the
eight strains were presented in Table 4. Among the hybrids, the
UA3×SIN has the highest mean survival rate (100%), which were
15.19% higher than the mean of all the hybrids; the UA1×UA2 has
the lowest survival rate (77.05%), which was 10.72% lower than
 
Fig. 1.   The distribution of survival rate of all the 207 families.
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the mean of all the hybrids. Among the inbreds, the order of the
mean survival rate was UA6>UA2>UA7>UA5>UA1>UA3>UA4>
SIN.
The heterosis estimates for survival rate of the hybrids ranged
from –11.37% (UA1×UA2) to 20.53% (UA3×SIN) with a mean of
0.95% (Table 4). The proportion of hybrids with positive heteros-
is covered 48.15% of the hybrids. Combined with the heterosis es-
timates for body weight in our previous study of the same pro-
gram (Lu et al., 2015), ten hybrids have positive heterosis for sur-
vival rate and body weight; ten hybrids have positive heterosis for
body weight but negative heterosis for survival rate; three hy-
brids have positive heterosis for survival rate but negative het-
erosis for body weight; and four hybrids have negative heterosis
for survival rate and body weight (Table 4).
3.3  Variance components, heritability and common environment-
al effect
Estimates of variance components, heritability and the com-
mon environmental effects for the survival rate were presented in
Table 5. When the genetic groups were included in the model,
the heritability estimates (h2) was 0.092±0.043. Although the her-
itability estimate was low, it was still significantly different from
zero (P<0.05).
Table 3.   Analysis for survival of paternal and maternal popula-
tions in Litopenaeus vannamei
Populations Male parents/% Female parents/% Mean/%
UA6 90.44 87.53 88.99
UA7 87.98 83.07 85.53
UA2 87.42 85.90 86.66
UA4 85.46 84.95 85.21
UA3 85.07 88.65 86.86
UA5 84.34 87.22 85.78
SIN 83.33 83.71 83.52
UA1 82.66 86.52 84.59






Orthogonal (♂×♀) Reciprocal (♀×♂) Mean
Hybridized
combinations
UA3×SIN1) 100.00 100.00 100 20.53
UA2×UA52) 100.00 93.33 96.67 10.79
UA3×UA42) 83.33 100.00 91.67 9.33
UA7×SIN2) 91.67 – 91.67 8.02
SIN×UA51) 90.00 – 90.00 7.33
UA4×SIN1) 85.00 91.67 88.34 6.80
UA6×UA31) 100.00 86.67 93.34 6.64
UA1×UA31) 88.33 91.67 90.00 6.29
UA6×SIN1) 93.33 85.00 89.17 3.22
UA1×UA41) 80.67 92.33 86.50 2.46
UA4×UA51) 88.33 83.75 86.04 1.54
UA6×UA41) 90.00 86.90 88.45 1.36
UA6×UA51) 90.83 86.67 88.75 0.38
UA6×UA73) 91.25 86.00 88.63 –0.88
UA1×UA54) 82.00 86.67 84.34 –1.44
UA2×UA33) 81.67 88.33 85.00 –1.57
UA1×SIN3) 81.90 82.00 81.95 –1.90
UA2×UA63) 93.33 81.67 87.50 –2.54
UA7×UA44) 88.75 77.78 83.27 –2.89
UA1×UA63) 83.33 86.67 85.00 –3.51
UA3×UA74) 66.67 98.33 82.50 –4.06
UA2×UA43) 85.00 80.00 82.50 –4.19
UA7×UA53) 87.92 78.33 83.13 –4.33
UA1×UA74) 82.50 80.00 81.25 –6.15
UA2×UA73) 75.00 90.00 82.50 –6.52
UA2×SIN3) 80.00 77.50 78.75 –7.60
UA1×UA23) 77.05 – 77.05 –11.37
Mean 86.59 87.14 86.81 0.95
Inbred combinations UA6×UA6 – – 90.94 –
UA2×UA2 – – 88.62 –
UA7×UA7 – – 87.89 –
UA5×UA5 – – 85.88 –
UA1×UA1 – – 85.25 –
UA3×UA3 – – 84.1 –
UA4×UA4 – – 83.59 –
SIN×SIN – – 81.83 –
Mean 86.01
Note: 1) Positive heterosis for survival rate and body weight; 2) positive heterosis for survival rate but negative heterosis for body wei-
ght; 3) positive heterosis for body weight but negative heterosis for survival rate; 4) negative heterosis for survival rate and body weight.
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4  Discussion
In a selective breeding program, it is very important to make
the testing environments emulate commercial conditions, which
could enable the selected animals manifest the same traits under
commercial conditions. Although pond survival in commercial
conditions may not be intentionally selected for, it will inevitably
change along with the inadvertent selection during a program
(Doyle, 1983). In the present study, we detected the heterosis and
heritability for survival rate under commercial conditions from
the same base population used in our previous study (Lu et al.,
2015).
In this program, the survival rate of 92.6% of the hybriding
combinations and all of the inbreeding combinations was higher
than 80%, suggesting that these strains have good performance
on pond survival. In addition, most of the positive heterosis for
survival rate was considerable (Table 4), among which the
highest heterosis estimate (20.53%) was higher than that detec-
ted for the body weight (13.80%, Lu et al., 2015). The observed
high positive heterosis for survival rate indicated that these hy-
brids were superior to their parents in the survival rate and it is
an advantage to obtain higher yield in this breeding program by
crossbreeding. The high positive heterosis (4%–25%) for survival
in hybrids also has been obtained by crossbreeding with two wild
strains and two farmed strains in common carp (Nielsen et al.,
2010). However, more than half of the hybrids (51.85%) have neg-
ative heterosis for pond survival rate in the present study, which
was higher than the proportion for body weight (25.93%) from
the same hybrids (Lu et al., 2015). In addition, 37% of the hybrids
have negative heterosis for survival rate and positive heterosis for
body weight. Thus it can be seen that it is very important to es-
timate the heterosis of the pond survival rate, and it reminders us
that the pond survival also should be taken into account in the
crossbreeding program to avoid yield decrease, because the
breeding program usually more focused on growth. Fortunately,
37% of the hybrids have positive heterosis for both body weight
and survival rate, indicating these hybrids were the preferred se-
lection for improving production yield.
Three main causes were most likely responsible for the
present high proportion of negative heterosis for survival rate.
First, the eight strains have been domesticated and selected for
multiple generations before they were introduced, which has led
to inbreeding depression for survival trait due to the small effect-
ive population size (De Donato et al., 2005). Second, the pond
survival might be easily influenced by environmental factors and
the performance was not stable in different environments. Third,
it was worth to notice that some of the hybrids only consisted of
one family (Table 1), and there were no crosses for UA5×UA3 in
this experiment, which might lead to bias for the estimations. So
it was necessary to produce more families for further verifying
their survival performance and heterosis.
The heritability estimate for survival rate in the present study
was low (0.092±0.043), but it was significantly different from zero
(P<0.05). Low heritability estimates for survival also have been
obtained in other farmed shrimp and fish, such as the giant fresh
water prawn (0.007 to 0.066) (Luan et al., 2015), abalone (0.04)
(Jonasson et al., 1999), Nile tilapia (0.03–0.14) (Charo-Karisa et
al., 2006; Rezk et al., 2009), Atlantic salmon (0.04–0.09) (Standal
and Gjerde, 1987; Rye et al., 1990; Jonasson, 1993), rainbow trout
(0.08) (Rye et al., 1990; Vehviläinen et al., 2008), chinook salmon
(0.05) (Withler et al., 1987), and turbot (0.06–0.12) (Wang et al.,
2010). The heritability estimates for survival might be influenced
by many factors, such as different populations, growing condi-
tions, ages, density, and methodological problems (Rye et al.,
1990; Korkeila et al., 1991; Murray et al., 1993; Elvingson and Jo-
hansson, 1993; Ng et al., 2006; Zhang et al., 2008; Sahoo et al.,
2010; Luan et al., 2013). It would be very important to improve
the accuracy of selection even though the heritability for survival
was found to be low (Gitterle et al., 2005a, b).
The heritability for survival actually might be low in aquacul-
ture, but three main causes were most likely responsible for the
present low heritability. First, low heritability might due to low
genetic variation in the introduced strains that have been do-
mesticated and selected for multiple generations, because do-
mestication and selection would increase the genetic homogen-
eity and reduce the genetic variation (Sbordoni et al., 1986;
Doyle, 1983; Bierne et al., 2000; Li et al., 2006; Freitas et al., 2007).
Especially, decline of genetic variability in the population of L.
vannamei has been detected using microsatellite and pedigree
information in the previous study (Vela-Avitúa et al., 2013).
Second, the low heritability estimates might from low genetic ties
between the families, which could lead to the fact that the c2
could not be partitioned effectively. Because there were fewer
half-sib families in the tested base population. Third, the survival
rate might not be a suitable index for heritability estimates of sur-
vival trait, as it was family record rather than individual record
(Castillo-Juárez et al., 2007). Therefore, to better estimate herit-
ability for survival, a larger number of dams per sire to produce
more half-sib families and individual survival data (such as indi-
vidual survival time) would be considered in the future study.
5  Conclusions
We established a breeding program to improve growth and
survival in the Pacific white shrimp, Litopenaeus vannamei. In
this program, high proportion of negative heterosis (51.85%) for
survival rate reminders us that the pond survival rate should be
taken into account in the crossbreeding program to avoid yield
decrease. However, most of the positive heterosis for survival rate
was considerable, indicating that it is an advantage to obtain
higher yield in this breeding program by crossbreeding. Heritab-
ility estimate for survival rate in the present study was low, which
was consistent with other studies for survival in aquaculture.
However, it was still significantly different from zero (P<0.05).
Consequently, genetic gain for survival could be obtained in fu-
ture by crossbreeding and selective breeding by increasing the
selection intensity.
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